The MUC1 mucin is an important tumor-associated antigen that shows extensive glycosylation in vivo. The O-glycosylation of this molecule, which has been well characterized in many cell types and tissues, is important in conferring the unusual biochemical and biophysical properties on a mucin. N-Glycosylation is crucial to the folding, sorting, membrane trafficking, and secretion of many proteins. Here, we evaluated the N-glycosylation of MUC1 derived from two sources: endogenous MUC1 isolated from human milk and a recombinant epitope-tagged MUC1F overexpressed in Caco2 colon carcinoma cells. N-Glycans on purified MUC1F/MUC1 were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS), gas chromatography-mass spectrometry (GC-MS), and CAD-ESI-MS/MS. The spectra indicate that MUC1F N-glycans have compositions consistent with highmannose structures (Hex 5-9 HexNAc 2 ) and complex/hybridtype glycans (NeuAc 0-3 Fuc 0-3 Hex 3-8 HexNAc 3-7 ). Many of the N-glycan structures are identical on MUC1F and native MUC1; however, a marked difference is seen between the N-glycans on membrane-bound and secreted forms of the native molecule.
Introduction
The biochemical and biophysical properties of mucous glycoproteins are in large part determined by the sugar structures that are attached to the tandem repeat (TR) unit, a genespecific repetitive sequence that is rich in serine, threonine, and proline residues. The O-glycosylation of mucous glycoproteins has received significant attention, as technological advances, particularly in mass spectrometry (MS), have enabled a detailed structural characterization of O-glycans ). Some of the biological properties of mucins correlate with their O-glycosylation. Also of importance in the processing and biological properties of mucins is their N-glycosylation, and this has received much less attention. N-Glycosylation of glycoproteins plays a key role in their folding, sorting, and secretion among other functions. The MUC1 membrane-tethered mucin was the first of this group of glycoproteins to be fully characterized (Gendler et al., 1990; Lan et al., 1990; Ligtenberg et al., 1990; Wreschner et al., 1990) . This molecule exists as a heterodimer or heteromultimer following co-translational cleavage (Litvinov and Hilkens, 1993; Parry et al., 2001) that may occur via an autocatalytic mechanism (Levitin et al., 2005) . MUC1 subsequently reaches the cell membrane and then undergoes a series of recycling events (Litvinov and Hilkens, 1993) . During recycling of the mucin through the trans-Golgi network, its sialylation increases (Litvinov and Hilkens, 1993) and further changes occur in its O-glycosylation. Specifically, core structures change from core 2 on secreted isoforms (which have only passed through the Golgi once) to sialylated core 1 glycans on the transmembrane forms (Engelmann et al., 2005) . In some experimental systems, MUC1 molecules with shorter glycans recycle more rapidly than those with longer glycans (Altschuler et al., 2000) , although this may not always be the case. A proportion of the membrane-bound MUC1 is released from the cell surface probably following additional cleavage events, which may be protease mediated. The cytoplasmic tail of MUC1 then re-enters the cell and mediates the activation of signaling cascades (reviewed in Hollingsworth and Swanson, 2004) . The extracellular domain of MUC1, which protrudes from the cell surface by up to 200 nm (Wesseling et al., 1996) , plays an important role in mediating cell adhesion and anti-adhesion. It also acts as a ligand for various molecules and contributes to the configuration of the pericellular space. Both O-and N-glycosylation likely contribute to many of these properties of MUC1, and we and others have previously investigated the O-glycosylation of MUC1 in different cell types (Hanisch et al., 1989; Lloyd et al., 1996; Burdick et al., 1997; Muller et al., 1997 Muller et al., , 1999 Silverman et al., 2001 Silverman et al., , 2002 Muller and Hanisch, 2002) . The O-glycans carried by MUC1 are different in various epithelial cell types, and the differences can be of biological significance. We have now evaluated the N-glycosylation of the MUC1 mucin glycoprotein derived from three different sources to determine the spectrum of N-glycan structures and whether different forms of MUC1 carry variant structures. MUC1 has five potential sites of N-glycosylation (Lan et al., 1990) . One of these sites is located in the degenerate repeat flanking the C-terminal end of the TR domain, whereas the remaining four are C-terminal of the TR sequences. The most extensive characterization has been carried out on epitope-tagged MUC1 (MUC1F) expressed in the human colon carcinoma cell line Caco2. The N-glycans observed on MUC1 in this expression system have been compared with native MUC1 from human milk (milk fat globule membrane-associated and secreted forms). Although many of the N-glycan structures are the same on MUC1F overexpressed in the Caco2 cell line and in native MUC1, there is a striking difference between the N-glycans on membrane-bound and secreted forms of the native molecule.
Results

Analysis of recombinant MUC1 from human cell lines
Matrix-assisted laser desorption/ionization analysis of N-glycans released from epitope-tagged MUC1F produced in Caco2 cells. Immunopurified MUC1F from clone M50 was reduced/carboxymethylated and tryptically digested to facilitate deglycosylation with PNGase F. The released glycans were separated from peptides and glycopeptides and were analyzed by matrix-assisted laser desorption/ionization (MALDI)-MS after permethylation and Sep-Pak purification (Figure 1 ). The spectrum indicates that MUC1F N-glycans have compositions consistent with high-mannose structures (Hex 5-9 HexNAc 2 ) and complex/hybrid-type glycans (NeuAc 0-3 Fuc 0-3 Hex 3-8 HexNAc 3-7 ). A second sample (clone M51) was also analyzed, and the compositions of the glycans were very similar (data not shown).
Linkage analysis of PNGase F-released glycans. Data are summarized in Table I and Supplementary Table IA. The complexity of the mixture precludes the allocation of individual components to particular oligosaccharides. Nevertheless, several important conclusions may be drawn from these data: (1) the presence of 3,6-linked Man and 4-linked GlcNAc is in accordance with their being essential constituents of the core of N-glycans; (2) the presence of terminal GlcNAc and 3,4,6-linked Man indicates that some cores have a bisecting GlcNAc; (3) terminal mannose is in accordance with the high-mannose and less abundant hybridtype glycans; (4) fucose and galactose are the other major terminal sugars; (5) the presence of 2-linked Man is indicative of bi-antennary structures, whereas the 2,4-linked Man and 2,6-linked Man indicate tri-and tetra-antennary structures; and (6) the 4,6-linked GlcNAc residue is consistent with the presence of fucosylated cores.
b-Galactosidase treatment of N-glycans. To define the anomeric configuration as well as to confirm tentative sequences, we subjected N-glycans released by PNGase F to β-galactosidase treatment followed by permethylation and analysis by MALDI-MS (Figure 2 ). The glycans that were previously observed at m/z 2040, 2489, 2605, 2663, 2693, 2850, 2938, 3054, 3112, 3228, 3286, 3299, 3415, 3473, and 3660 in the undigested sample ( Figure 1) were significantly reduced or completely absent after β-galactosidase treatment (Figure 2 ). This implies that these glycans have a terminal galactose residue in the β-configuration that is not involved in a Le x/a structure, because the enzyme does not cleave if the subterminal GlcNAc is also linked to a fucose (Khoo et al., 2001 (Figures 1 and 2 ), suggesting that they are not substrates for β-galactosidase. As these glycans are likely to be bi-antennary difucosylated species, with a single NeuAc residue, positioning of the second fucose is likely to form a Le x/a or sialyl Le x/a epitope. The resistance of these glycans to digestion implies that the major epitope is Le x/a , as the presence of sialyl Le x/a would leave a galactose residue on the second antenna susceptible to β-galactosidase digestion. The unsialylated version (m/z 2663) of the glycan at m/z 3024 was susceptible to digestion and resulted in the loss of a single galactose to give the ion at m/z 2459. Difucosylated, bisected tri-antennary glycans at m/z 3112 and 3473 (NeuAc 0-1 Fuc 2 Hex 6 HexNAc 6 ) were partially susceptible to β-galactosidase digestion to yield ions at m/z 2704 and 3269, respectively. In each case, a single Le x/a structure was predicted to be present leading to resistance to digestion at this site.
The composition of some glycans is consistent with hybrid structures, and resistance to the β-galactosidase digest can be used to support this assignment. For example, the abundance of the ions at m/z 2360 and 2390 is not apparently reduced after β-galactosidase digestion leading us to conclude that there are no susceptible galactose residues. The glycan must be a hybrid structure for this to be true. A similar argument can be made for the glycans at m/z 2431, 2564, and 2809.
b-1,4-Galactosyltransferase treatment of N-glycans. To facilitate the assignment of bisecting structures, we subjected the N-glycans to β-1,4-galactosyltransferase treatment, followed by permethylation, purification by Sep-Pak, and analysis by MALDI-MS (Supplementary Figure 1) . Owing to limiting amounts of material from clone M50, the N-glycans from clone M51 were analyzed for this experiment.
β-1,4-Galactosyltransferase catalyses the transfer of a galactose residue onto terminal GlcNAc residues via a β-1,4 linkage but does not modify bisecting GlcNAcs. Accordingly, glycans with a terminal GlcNAc on an antenna will become galactosylated, and the mass of the permethylated glycan will increase by 204 Da. In contrast, those glycans with a composition consistent with a terminal GlcNAc that do not get modified after digestion are likely to have bisecting GlcNAcs. Comparison of MALDI spectra before and after treatment reveals that several components whose compositions are consistent with the presence of a terminal GlcNAc were significantly reduced (compare Figure 1 and Supplementary Figure 1 ). This provides evidence that the peaks at m/z 1836, 2040, and 2285 ( Figure 1 for compositions) have at least one exposed nonreducing GlcNAc. An increase in the intensity of the peak at m/z 2244 supports the galactosylation of the components at m/z 1836 and 2040. Unexpectedly, the component at m/z 2431 was also absent after treatment with β-1,4-galactosyltransferase, and the peak at m/z 2635 was more intense. Glycans with a mass of m/z 2431 are usually bi-antennary, nonbisected complex structures with terminal NeuAc and galactose residues. Such a structure would not be a substrate for β-1,4-galactosyltransferase leading us to conclude that it may have a hybrid structure.
Apart from the glycans described above, the profile of the MALDI spectrum was not significantly altered after treatment with β-1,4-galactosyltransferase, suggesting the presence of a significant amount of bisected GlcNAc. The presence of a peak at m/z 2693 suggests that a proportion of the glycan with m/z 2489 may have a terminal GlcNAc on one of its antennae.
Interestingly, clonal differences were observed between clones M50 and M51. Although the compositions of the glycans were essentially identical, clone M51 apparently had a less active GlcNAc transferase 3-the enzyme that catalyses the addition of the bisecting GlcNAc. Hence, the abundance of the proposed bisected series of glycans (e.g., 2489, 2850, and 3024) was lower in Supplementary Figure 1 relative to that observed in Figure 1 .
Characterization of N-glycan structures by CAD-ESI-MS/MS.
Several components observed in the MALDI experiment ( Fig The difucosylated counterpart (m/z 3024) of the component at m/z 2850 was also subjected to CAD-ESI-MS/MS to gain information on whether the second fucose residue was present as a Le x/a or sialyl Le x/a epitope ( Figure 3A ). The fragmentation of the NeuAcFuc 2 Hex 5 HexNAc 5 (m/z 3024) yielded a complex set of fragment ions consistent with the presence of both Le x/a and sialyl Le x/a structures (see assignments in Figure 3A ). The relatively intense signals at m/z 472, 660, 847, and 1111 indicate that the predominant epitope is Le x/a , whereas the lower intensity of the ions at m/z 486 and 1024 confirm the presence of sialyl Le x/a albeit at lower levels. In a previous analysis of the O-glycosylation of MUC1F using antibodies against known carbohydrate epitopes , we detected sialyl Le a ; hence, it is likely that this structure also exists on MUC1F N-glycans. The fragment ion at m/z 474 confirms core fucosylation of this glycan ( Figure 3A) .
Analysis of endogenous MUC1 from human milk
MALDI-MS analysis of N-glycans released from endogenous MUC1 samples isolated from skimmed milk or human milk fat membranes. N-Linked glycans on mem-MUC1 and sec-MUC1 were released after trypsin digestion of the protein by deglycosylation with PNGase F. The released glycans were separated from peptides and glycopeptides by solid-phase extraction on C 18 -reversed-phase columns, and the permethylated glycans were analyzed by reflectron MALDI-MS ( Figure 4A and B) . The spectra show distinct N-glycosylation patterns in the samples from mem-MUC1 and sec-MUC1 with only minor overlaps. Mem-MUC1-derived glycans ( Figure 4A ) have compositions consistent with predominating neutral complex-type chains of bi-and tri-antennary structures and one to three fucose residues (NeuAc 0-1 Fuc 0-3 Hex 4-7 HexNAc 3-6 ). The membrane-derived mucin is apparently devoid of highmannose structures as indicated by the absence of glycans with molecular masses consistent with the presence of only two HexNAc residues. Ions registered at m/z 1621, 1826, and 1999 may represent hybrid-type structures according to their monosaccharide compositions. In contrast, the majority of the N-glycans in the sec-MUC1 sample ( Figure 4B ) have masses that are compatible with high-mannose structures (Hex 5-8 HexNAc 2 ), whereas the remaining masses correspond to compositions of acidic complex-type glycans of bi-antennary structure (NeuAc 1-2 Fuc 0-2 Hex 5 HexNAc 4 ). Linkage analysis of PNGase F-released glycans. Linkage analysis of N-glycans was performed by gas chromatography-MS (GC-MS) after permethylation and generation of the partially methylated alditol acetates. The results are summarized in Table I and Supplementary Table IB Figure 5 corresponds to N-glycans derived from mem-MUC1 (upper panel). For comparison, the profiles of asialo fetuin and an oligo-glucose standard are shown (lower panels) to standardize the retention times of A2G2 and A3G3 in glucose units (GU). The mem-MUC1 sample revealed a complex pattern, which was dominated by signals isographic with bi-and tri-antennary complex-type glycans, the fucosylated species being prevalent (8.8 GU : A2G2F). The major signals corresponding to 8.4 GU, 8.8 GU, and 9.7 GU were analyzed by MALDI-MS and revealed molecular masses [M + Na] at m/z 1784, 1930, 2149, and 2295, corresponding to permethylated glycans with m/z of 2070, 2244, 2520, and 2694, respectively ( Figure 6 ). The chromatographic data are in good accordance with the patterns revealed by MALDI-MS of permethylated glycans and confirm that the major species in the mem-MUC1 sample should be identical to the core-fucosylated bi-antennary complex-type glycan A2G2F (m/z 2244 in Figure 6 ). Minor glycans with GU > 10.5 may represent higher fucosylated species in accordance with the MALDI-MS data ( Figure 6 ). Figure 4A and B) were subjected to CAD-ESI-MS/MS to obtain information on terminal sequences ( Figure 3B and C and Supplementary Figure 3A and B, Supplementary Table II ( Domon and Costello, 1988 (793), indicating that one of the antennae has the structure NeuAcHex1-4HexNAc (absence of the ion at m/z 228) ( Figure 3B , Supplementary Table II) .
CAD-ESI-MS/MS analysis of major glycans derived from mem-MUC1 and sec-MUC1. Several of the major components observed in the MALDI-MS experiment (
In the fraction of methylated glycans derived from sec-MUC1, the major species Hex 5 HexNAc 2 (M + Na at m/z 1580) revealed only weak fragment ions at m/z 219 (187), indicating terminal Hex and the B 4 ion at m/z 1280 ( Figure  3C ). This is in accordance with high-mannose glycans. Figure 3B) . Because the sec-MUC-derived fraction contains only bi-antennary complex-type glycans according to the linkage analysis (absence of 2,4-linked mannose) and the composition of glycans, the ion at m/z 464 cannot be interpreted as a primary fragment.
Discussion
The MUC1 mucous glycoprotein is an important tumorassociated antigen that is currently the focus of extensive translational research for cancer diagnosis and treatment. Hence, it is important to fully understand the structure and molecular biochemistry of the molecule. The proteolytic processing (Ligtenberg et al., 1992; Parry et al., 2001 ) and the O-glycosylation of MUC1 (Hanisch et al., 1989; Burdick et al., 1997; Muller et al., 1997; Reid et al., 1999; Silverman et al., 2001 Silverman et al., , 2002 Muller and Hanisch, 2002) have been investigated in depth, but no studies have defined the structures of the N-glycans present on this molecule. Here, we describe structural studies on the N-glycans carried on an epitope-tagged MUC1 mucin expressed in a colon carcinoma cell line and those found on endogenous MUC1 from human milk secretions.
N-Linked core glycosylation is the first event in the addition of sugar moieties to protein backbones that occurs in the lumen of the endoplasmic reticulum (ER) after protein synthesis. The oligosaccharide Glc 3 Man 9 GlcNAc 2 is transferred to an acceptor asparagine residue in the tripeptide Asn-Xaa-Ser/Thr. The initial mannose-rich N-glycans are subsequently trimmed by mannosidases in the cis-Golgi and further modified by another mannosidase and a series of glycosidases/glycosyltransferases in the medial and trans-Golgi. N-Glycosylation is crucial for the function, stability, folding, transport, and secretion of glycoproteins. Of particular relevance to the biology of MUC1 is the role of N-glycosylation in the sorting and apical expression of glycoproteins in polarized cells. This has been studied extensively for sucrase-isomaltase, aminopeptidase N, and intestinal dipeptidyl peptidase IV (DPPIV) (Naim et al., 1999; Alfalah et al., 2002) . The processes of N-and O-glycosylation were shown to be temporarily associated, because O-glycosylation of sucrase-isomaltase and DPPIV was drastically reduced when the processing of the mannoserich N-linked glycans was blocked. Incomplete O-glycan processing subsequently resulted in an alteration of the polarized sorting of the two proteins. MUC1 is normally expressed on the apical surface of differentiated epithelial cells, although its localization may be aberrant in tumor cells, and this may be important in tumor invasion and metastasis (reviewed in Hollingsworth and Swanson, 2004) .
The structures of the N-glycans derived from the epitopetagged MUC1 produced in Caco2 cells were a mixture of high-mannose, complex, and hybrid types (Figure 6 and Supplementary Figure 4) . The extensive range of structures identified may in part be because of the material being purified 6 . Proposed structures of the N-glycans released from endogenous MUC1 and affinity-purified MUC1F produced in Caco2 cells. Membrane-derived (Mem) and secreted (Sec) MUC1 from milk and the major N-glycan species from MUC1F are shown. Structures for additional components from MUC1F are presented in Supplementary materials. Relative abundance of the N-glycans was estimated from the MALDI spectra and is indicated by (-) absent, (+) minor component, or (++) major component. As noted from the CAD-ESI-MS/MS results, a minor portion of the monofucosylated glycans are likely to carry fucose on the antenna rather than on the core. The glycans at m/z 2244, 2274, and 2431 may also correspond to bisected hybrid structures in the recombinant MUC1F. For convenience, only one branching pattern for tri-antennary structures is shown. , galactose; , mannose; , galactose or mannose; , GlcNAc; , fucose; , NeuAc. from whole cells rather than secreted or membrane-bound forms being isolated separately. This was necessary to obtain sufficient material for immunoprecipitation and subsequent MS. The fact that the epitope-tagged MUC1 was expressed in a colon carcinoma cell line (Caco2) may also have influenced the N-glycan structures present. Also, endogenous MUC1 was produced under strong hormonal stimuli in the mammary gland, which may influence the rate of synthesis and the glycosylation. Further organ and/ or cell type-specific variation cannot be excluded. However, many of the same structures were seen on endogenous MUC1 derived from human milk, although the spectra for mem-MUC1 (membrane-derived) and sec-MUC1 (secreted) showed distinct N-glycosylation patterns with only minor overlaps. Mem-MUC1-derived glycans had compositions, linkage patterns, and terminal sequences consistent with predominating neutral complex-type chains of bi-and triantennary structure and one to three fucose residues and lacked high-mannose structures. In contrast, the majority of the N-glycans in the sec-MUC1 sample revealed structural data that are compatible with high-mannose structures, whereas the remaining species apparently correspond to acidic complex-type glycans of bi-antennary structure. No bisected glycans were detected in the milk-derived fragments, because neither 3,4,6-linked mannose nor terminal GlcNAc was found in the linkage analysis.
Many secreted glycoproteins express both high-mannoseand complex-type N-glycans, which reflect the different stages of N-glycan processing in the ER and Golgi. However, membrane-tethered glycoproteins, such as MUC1, re-enter the cell by endocytosis after exposure at the cell surface and recycle through the trans-Golgi network (TGN) and possibly even earlier compartments as shown for other membranetethered glycoproteins (Volz et al., 1995) . This recycling enables these glycoproteins to pass through the compartments of the Golgi and trans-Golgi network several times facilitating the processing of residual high-mannose glycans. These considerations could explain the distinct N-glycosylation profiles of secreted and transmembrane glycoproteins seen here. The same hypothesis was proposed to account for recent observations that transmembrane forms of recombinant MUC1 express distinct O-glycan core profiles compared with their secretory isoforms (Engelmann et al., 2005) . The membrane-tethered isoforms were shown to recycle through the Golgi/TGN compartments and to undergo further O-glycosylation. The shift from core 2 glycans on secretory isoforms to core 1 on membrane isoforms may result from the addition of new glycan chains in the late Golgi compartments or from the reconstruction of core 2 glycans in early Golgi compartments involving the activity of glycosidases and glycosyltransferases similar to the processing of N-linked chains. Further experiments with transmembrane forms of recombinant MUC1 and mutant derivatives that are not able to recycle via clathrin-mediated endocytosis are required. These might reveal that recycling through Golgi compartments could actually form the mechanistic basis of the observed structural differences in MUC1 N-glycosylation between secretory and membrane-tethered forms.
There are many similarities between the N-glycan profiles observed for MUC1F purified from the Caco2 cell line and the MUC16 (CA125) mucin secreted from the epithelial ovarian tumor cell line OVCAR-3 (Kui Wong et al., 2003) . Both mucins have relatively high levels of monofucosylated bi-antennary structures (m/z 2244, 2285, 2489, and 2850) and high molecular mass compounds consistent with triand tetra-antennary N-glycans (Supplementary Figure 4) . Fucose is present on the core of the glycans on MUC1F and MUC16, and in some cases, a second fucose can be observed on the antenna. There are also significant amounts of highmannose glycans with the compositions Man 5-9 GlcNAc 2 in both mucins. In contrast to these similarities, MUC1F has higher levels of sialylation than MUC16 with up to three sialic acids present in the glycan at m/z 4399; however, this may simply reflect specific sialidase or sialyltransferase activities in the Caco2 and OVCAR cell lines.
The similarity of the N-glycan profile from MUC1F and MUC16 is of interest, as these mucins were purified from different cell lines. Previously, we have shown that MUC1F expressed in Caco2 and the airway cell line 16HBE14o -has different O-glycans (Silverman et al., 2002) , but the N-glycans were not examined. Further experimentation is required to determine the biological significance of the similarities in N-glycan profiles between MUC1F and MUC16.
Materials and methods
Cell culture and immunopurification of epitope-tagged MUC1F
The generation of the epitope (FLAG)-tagged MUC1F was described previously (Burdick et al., 1997) . Briefly, the MUC1F construct is derived from a pancreatic MUC1 cDNA with 42 TRs and contains a FLAG epitope adjacent to the TR region. Cell clones M50 and M51 are Caco2 colon carcinoma-derived cells that were stably transfected with MUC1F characterized previously (Reid et al., 1999) . Cell lysates were prepared from 4-day post-confluent cultures of clones M50 and M51 and MUC1F immunopurified using M2-agarose beads as described previously . MUC1F was concentrated and purified by centricon centrifugation and lyophilized.
Isolation of native mucin samples
Two endogenous MUC1 samples were isolated from human sources: mucin secreted into the fraction of soluble milk proteins (sec-MUC1) and mucin associated with the milk fat globule membranes (mem-MUC1). A detailed description of mem-MUC1 purification from human milk fat globule membranes was published in Muller et al. (1997) . Sec-MUC1 was isolated from skimmed milk according to Hanisch et al. (1985) .
Tryptic digestion
Lyophilized MUC1F or endogenous MUC1 samples were incubated with trypsin (Sigma, Poole, UK; or Promega, Mannheim, Germany; sequencing grade) at a 50:1 ratio (w/w) in 50 mM ammonium bicarbonate, pH 8.5, for 16 h at 37°C. The digestion was terminated by incubation at 100°C for 3 min, followed by lyophilization or vacuum centrifugation.
PNGase F digestion of tryptic glycopeptides
Digestions were carried out in 50 mM ammonium bicarbonate, pH 8.5, for 16 h at 37°C with 3 U of recombinantly expressed Flavobacterium PNGase F (Roche Molecular Biochemicals, Lewes, UK, and Roche, Mannheim, Germany) for MUC1F and 10 U of enzyme for other mucin samples. The reaction was terminated by lyophilization or vacuum centrifugation, and the released N-glycans were separated from peptides and O-glycopeptides by solid-phase extraction on Sep-Pak C 18 (Waters, Elstree, UK) or Bakerbond SPE-C 18 (Mallinckrodt Baker, Deventer, The Netherlands) as described (Dell et al., 1993) .
b-Galactosidase digestion
Glycans were incubated with 10 mU of β-galactosidase (bovine testes; Sigma) in 100 μL of 50 mM ammonium acetate buffer, pH 4.6, at 37°C for 48 h with a fresh aliquot of enzyme added after 24 h.
b-1,4-Galactosyltransferase treatment
Lyophilized N-glycans were incubated with 45 μM Uridine diphospho-galactose, 20 mM manganese chloride, 50 mM 3-(N-Morpholino)-propanesulfonic acid, pH 7.4, and β-1,4-galactosyltransferase (bovine recombinant; Calbiochem, Nottingham, UK) for 18 h at 37°C.
Chemical derivatization of glycans for MALDI-TOF-MS, GC-MS, and CAD-ESI-MS/MS analysis
The permethylation of glycans from endogenous MUC1 samples was performed using the sodium hydroxide procedure of Ciacanu and Kerek as modified by Anumula and Taylor (1992) , whereas the permethylation of N-glycans from recombinant MUC1F was performed using the sodium hydroxide procedure as described by Dell and colleagues (1993) . Partially methylated alditol acetates were prepared from permethylated samples by the method of Albersheim et al. (1967) .
2-Aminobenzamide labeling and normal-phase chromatography of MUC1 from ascites and milk
Quantitative N-glycan profiling was described previously (Wuttke et al., 2001; Hambrock et al., 2004; Kaufmann et al., 2004) .
MALDI-TOF mass spectrometric analysis of permethylated glycans
For MUC1F MALDI time-of-flight MS (MALDI-TOF-MS), data were acquired by using a Voyager-DE sSTR mass spectrometer (PerSeptive Biosystems, Framingham, MA) in the reflectron mode with delayed extraction. Permethylated samples were dissolved in 10 μL of 80% (v/v) methanol in water, and 1 μL of dissolved sample was premixed with 1 μL of matrix (2,5-dihydroxybenzoic acid) before loading onto a metal plate. MALDI-TOF-MS analysis of native MUC1 samples was performed similarly by using a Reflex IV instrument (Bruker Daltonic, Bremen, Germany) (Muller and Hanisch, 2002) .
GC-MS of partially methylated alditols
For MUC1F, the linkage analysis of partially methylated alditol acetates was carried out on a Perkin-Elmer Clarus 500 instrument fitted with a RTX-5 fused silica capillary column (30 m × 0.32 mm internal diameter; Restek, Bad Homburg, Germany). The sample was dissolved in hexane and injected into the column at 65°C. The column was maintained at this temperature for 1 min and then heated to 290°C at a rate of 8°C per minute. For milk mucins, the analysis was performed on an MD800 (Thermo Electron, Dreieich, Germany) using a temperature gradient that started at 60°C followed by heating the column (15 m RTX5-SILMS column from Restek to 100°C at 40°C/min and then to 280°C with 10°C/min.
Collisionally activated dissociation electrospray tandem mass spectrometry of permethylated glycans
Collisionally activated dissociation electrospray tandem MS (CAD-ESI-MS/MS) spectra were acquired using a Q-TOF or Q-TOF2 (Micromass, Manchester, UK) instrument. The permethylated glycans were dissolved in methanol or in 80% (v/v) aqueous methanol with 1% acetic acid before loading into a nanospray capillary coated with a thin layer of gold/palladium, inner diameter 2 μm (Proxeon, Odense, Denmark). A potential of 1.5 kV (Q-TOF) or 0.8 kV (Q-TOF2) was applied to a nanoflow tip to produce a flow rate of 10-30 nL/min. The drying gas used was N 2 , and the collision gas was argon. The cone voltage was set at 50 V. Collision energies varied depending on the size of the carbohydrate and the type of pseudomolecular ion (H + or Na + adducts) but were typically between 30 and 90 eV.
Supplementary material
Supplementary data are available at Glycobiology online (http://glycob.oxfordjournals.org/). HPLC, high-performance liquid chromatography; MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight; MS, mass spectrometry; TR, tandem repeat.
